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The grasslands of the Northern Great Plains host a series of migratory birds along the Central 
Flyway each year. Migratory bird populations have the ability to significantly alter ecosystems 
along their transit corridors. Coupling this with the sensitivity of grassland lacustrine ecosystems 
to moisture variability and ecological change, it will be crucial to understand the response of 
these systems to both future avian influence and climate variability. Here, I examine the 
influence of climate-forced avian migration on nitrogen cycling at Kettle Lake, North Dakota 
throughout the Holocene. I investigate this influence using stable nitrogen isotope values (d15N) 
from lake sediment organic matter, with particular focus on periods of struvite deposition, a 
magnesium-ammonium-phosphate mineral formed from guano. I find that d15N is elevated 
throughout the Holocene in comparison to other lake sediment records in North America of 
similar temporal length. In particular, d15N is highest during periods of struvite deposition and in 
intervals of drought. Additionally, the negatively correlated d15N-percent Nitrogen abundance 
(%N) relationship is strongest during struvite-bearing intervals, indicating a depletion of the 
nitrogen pool. From this I conclude that guano deposition significantly alters nitrogen cycle 
processes, which are amplified during this time as evidenced by a drop in %N and increase in 
d15N beyond estimated guano values. Continuously elevated d15N in the late Holocene may 
indicate a “legacy” of bioavailable N from guano deposition, but further indicators are needed to 
assess this claim. To ensure that my conclusions are based on environmental changes reflected in 
d15N, I create a model to understand diagenetic changes in the sediment record. I use this “d15N 
diagenesis model” to assess the degree of diagenetic change from remineralization in the 
sediment and then correct the original d15N record accordingly. Generally, trends in the Kettle 
Lake d15N are conserved, with the original record showing enrichment of <1‰ on average and 
greatest disagreement occurring in the Late Pleistocene to early Holocene. These results are 
valuable as an analog to human-driven eutrophication of surface waters in the Northern Great 
Plains and indicate that agriculture expansion and intensive animal feeding operations could 
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CHAPTER 1: INTRODUCTION 
Grassland ecosystems are especially vulnerable to anthropogenic influences and are 
ecologically fragile (Solomon et al., 2007), as many are water limited (Ponce-Campos et al., 
2013) and are in areas ideal for human agricultural development (Conner et al., 2001; Gage et al., 
2016). Grasslands, particularly the Northern Great Plains, provide an essential landscape for 
grazing animals and native birds and act as critical seasonal migration corridors (Conner et al., 
2001). Despite covering a fifth of United States land area, the grasslands of the Great Plains are 
of the one of the least protected eco-regions in the world (Conner et al., 2001; Jenkins and Joppa, 
2009; Samson et al., 2004). Additionally, as a consequence of anthropogenically forced climate 
change, more ecosystems will be subject to drought, particularly low productivity grasslands in 
arid to semi-arid climates (Ponce-Campos et al., 2013). Consequently, it is important to track the 
interaction of these ecosystems with climate variability, environmental changes, and biological 
influences to predict and mediate future changes in these abundant and ecologically important 
areas. 
Lacustrine ecosystems are abundant in the Northern Great Plains of the United States. 
Defined as an American prairie grassland, the Northern Great Plains hosts many pothole or kettle 
lakes. Together, these relics of deglaciation form the Prairie Pothole Region (PPR). With human 
food and animal agriculture in the Northern Great Plains, lacustrine ecosystems have 
experienced human-induced eutrophication, which can present in multiple forms. First, human 
food agriculture depends on the application of nitrogen to croplands, which can make its way 
into local water resources (Carpenter et al., 1998). Additionally, the excess nutrients driving 
lacustrine eutrophication can be sourced from concentrated animal feeding operation (CAFO) 
waste runoff (Rossignol et al., 2011). Water resources near CAFOs show significantly higher 
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concentrations of both nitrogen (N) and phosphorous (P) (Nelson et al., 2003; Rossignol et al., 
2011). High concentrations of N can lead to detrimental increases in algal biomass, anoxia, and 
increases in lake water pH, which inhibit aquatic animal survival, growth and reproduction 
(Camargo and Alonso, 2006). However, these short-term impacts of human agriculture on 
grassland surface waters are limited to the last several decades. Contextualizing these impacts 
with a longer-term perspective from regional paleolimnologic data can provide additional 
perspective on how to best remediate and protect Northern Great Plains lakes in the future. 
Given the imposing threat of excess nutrients to nearby lacustrine ecosystems, there has 
been great interest in reducing the amount free nitrogen and phosphorous downstream of 
CAFOs. Significant work in bioengineering has focused on precipitating minerals to reduce 
nitrogen and phosphorous concentrations in animal wastewater. Success has been found in 
precipitating the guano mineral, struvite (NH4MgPO4·6H2O), which can form naturally in 
modern lacustrine environments that receive large amounts of waste (Doyle and Parsons, 2002; 
Kurniawan et al., 2006; Nelson et al., 2003; Uludag-Demirer et al., 2005). Struvite is an ideal 
candidate for waste water treatment as it precipitates quickly and the precipitate formed can be 
used in fertilizer (Nelson et al., 2003; Roncal-Herrero and Oelkers, 2011). However, in Holocene 
lake sediment records, struvite is rare. This is, in part, due to the specific requirements for 
struvite precipitation and preservation: anoxic bottom waters, high loading of N and P, and Mg 
as the dominant cation rather than the typically more abundant Ca (Donovan and Grimm, 2007). 
Additionally, there are limited sources that can provide intense loadings of N and P prior to 
anthropogenic influence, and as a consequence, incidences of struvite in Holocene sediments 
have been associated only with naturally occurring avian influence (Donovan and Grimm, 2007; 
Pi et al., 2010) Consequently, struvite in Holocene sediments not only indicates unusual lake 
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chemistry, but is an indicator of avian influence on past lake ecosystems. Previous work has 
found naturally occurring struvite layers in Chalco Lake, Mexico, the Bounty Islands of New 
Zealand, and in Kettle Lake, North Dakota, in the heart of the Northern Great Plains (Cullen, 
1988; Donovan and Grimm, 2007; Pi et al., 2010). Here we focus on the episodic deposits of 
struvite at Kettle Lake, North Dakota. 
Kettle Lake is a glacial kettle in the Northern Great Plains that has a well-studied 
Holocene sediment record. Despite the relative abundance of lakes in the Northern Great Plains, 
Kettle is the only lake in the region known to have struvite in its sediment record (Donovan and 
Grimm, 2007). Due the presence of struvite, a proxy for guano, Kettle Lake offers a unique 
opportunity to understand natural eutrophication in the Great Plains in the context of Holocene 
climate variability. Donovan and Grimm (2007) identified 34 thin layers of struvite from a mid-
Holocene dry period in the Kettle Lake sediment record. They hypothesized that during times of 
severe drought and moisture variability, Kettle Lake may have been the only available water 
source for 60+ kilometers, due to its deeper depth and low salinity compared to other regional 
lakes. As Kettle Lake falls along a main avian migratory pathway, the Central Flyway, large 
numbers of migratory waterfowl in search of water may have been forced to land here. With this 
mass visitation, large amounts of guano were deposited, leading to loading of N and P. Coupling 
this with bottom water anoxia and increased Mg concentration due to evaporation of lake water, 
struvite precipitated. Consequently, the Kettle Lake sediment record represents an unusual 
instance of climate-induced avian influence on lake eutrophication in the absence of human 
influence.  
Periods of guano deposition at Kettle Lake led to intense organic nitrogen loading. Avian 
guano provided a new N-source to the lake ecosystem and likely led to changes in the lake’s 
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nitrogen cycling and trophic status. Such changes can be assessed through stable nitrogen isotope 
ratios of sedimentary organic matter. The ratio 15N/14N, hereafter d15N, has often been used to 
assess changes in trophic status, nitrogen cycling, and nitrogen sources (Talbot, 2001). 
Specifically regarding guano influence on d15N records, previous work has found substantial 
increases in d15N in Galápagos lakes, arctic ponds, and coral zooxanthellae in Fiji associated 
with increases in seabird presence in lake and marine watersheds (Conroy et al., 2015; Michelutti 
et al., 2009; Savage, 2019). Seabird guano-influenced lake sediments exhibit elevated d15N 
values, which reflect both the d15N of their diet and the trophic status of the bird population 
(Conroy et al., 2015; DeNiro and Epstein, 1981; Michelutti et al., 2009). To my knowledge, this 
relationship has not been explored in continental lacustrine environments, where the primary 
visitation would occur from migratory waterfowl along the Central Flyway. I aim to investigate 
if migratory waterfowl exhibit the same d15N enrichment on sediment profiles on Kettle Lake 
during the Holocene.  
Underlying interpretations of Kettle Lake sediment d15N values is the assumption that the 
d15N values are reflective of an environmental signal, rather than diagenetic changes. The 
primary signature of diagenesis in the d15N values of lake sediment organic matter is typically 
decreasing d15N values upcore (Brahney et al., 2014; Möbius, 2013). This is due to the 
preferential breakdown of labile nitrogen-bearing compounds in the sediment, which leave these 
organics enriched in 15N and therefore shifts the original d15N signal in older, deeper sediments. 
Upper sediments are youngest and therefore subject to the loss of 14N for a shorter amount of 
time. This leads to a false trend (i.e. not an environmental signal) of upcore d15N depletion. If 
large changes in d15N are due to diagenesis, this would ultimately prevent the accurate 
interpretation of past paleoenvironmental changes, including productivity or trophic status 
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changes. Therefore, any diagenetic signal must be quantified to buttress d15N interpretations. To 
evaluate the amount of d15N change attributed to diagenesis, I create a null-model showing the 
d15N trend, should it only reflect diagenesis from remineralization of organic matter. I then use 
this model to create a “corrected” d15N record for Kettle Lake. With this, I assess periods of 
discrepancy between the corrected and the original d15N record, with differences indicating a 




















CHAPTER 2: STUDY SITE 
Kettle Lake (48°36.4200 N, 103°37.4460 W, 605 m a.s.l.) is a glacial kettle lake on the 
U.S.-Canada border in Williams County, North Dakota (Figure 1). In the heart of the Prairie 
Pothole Region, it is surrounded by thousands of shallow lakes (< 8 m) and the modern lake is 
relatively deep by comparison at 10.2 m. Kettle Lake has a simple “bowl” morphometry (Figure 
1) with no surficial water inlet or outlet, and is a groundwater dominated lake. As Kettle Lake 
precipitates endogenic carbonates, lake water is only slightly higher than groundwater in Na, Mg, 
Cl and SO4, meaning that no ions are highly concentrated. Compared to other lakes in the region, 
Kettle is relatively fresh, with dissolved solids less than 2000 mg/L and a pH of 8.2. Regionally, 
salinities can reach 240,000 mg/L due to high surface evaporation. Generally, the low salinity at 
Kettle Lake indicates a low water residence time, consistent with a “flow-through lake.” 
 Within the Prairie Pothole Region, a subregion of the Northern Great Plains, there is a 
strong precipitation gradient (Millett et al., 2009). Typically, the north and west receive low 
precipitation compared to the southern and eastern regions. Winter precipitation is often 
associated with the polar jet stream, which lies over or near this region during the winter (Kunkel 
et al., 2013). Summer precipitation is often connected to the Great Plains low-level jet (Higgins 
et al., 1997), which is linked to ENSO activity and tropical Pacific sea surface temperature (SST) 
(Weaver and Nigam, 2008). Generally, wetter summers are associated with El Niño events and 
La Niña with drier summers (Yang et al., 2007). Climate in the Northern Great Plains is greatly 
influenced by the confluence of warm air masses from the Gulf of Mexico and cold continental 
polar air masses, leading to high variability (Bryson and Hare, 1974; Rosenberg, 1987; Yu et al., 
2002). Moisture from the Pacific Ocean is largely blocked, due to the westward mountains, 
isolating the Gulf of Mexico as the moisture source region.  
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Modern climate in the Northern Great Plains is semiarid. Temperatures can exceed 40°C 
in the summer and can drop below -40°C in the winter, and the greater region typically receives 
~ 320 mm/year in annual precipitation. Regionally, precipitation is significantly less than 
evapotranspiration due to high summer temperatures and low humidity (Millett et al., 2009). 
Climatological data for the local Kettle Lake region is collected at Williston Sloulin Field 
Station, ~ 48 km south of Kettle (Figure 2). Modern temperatures (1900-2020 C.E.) recorded at 
this station range from ~25 to -25°C and monthly precipitation is less than 200 mm/month. 
Kettle Lake is ideal for paleoclimatic studies as the simple morphometry and lack of 
surficial water source limit confounding factors influencing the sediment record. Additionally, 
Kettle has produced endogenic carbonates throughout the Holocene, providing an excellent, 
finely laminated sediment record that has been preserved by an anoxic hypolimnion. Kettle is 
also a well-studied lake with a robust age model (Grimm, 2011), which provides ample context 
for understanding paleoenvironmental changes. Briefly, the age model, which will be used in this 
analysis, was developed from 53 accelerator mass spectrometry (AMS) radiocarbon ages from 
charcoal and terrestrial macrofossils. The age model was created with the Bayesian age model 
program Bcal (Buck et al., 1999), and calibrated using INTCAL09 (Reimer et al., 2009) 
accounting for several visually-identified slumps in the sediment record. The Kettle Lake age 
model reveals a nearly continuous, ~ 13000 year-long record, with the only hiatus occurring for 
~260 years between 8.0-7.0 ka. 
An unusual feature of Kettle Lake is that authigenic carbonate flux (ACF), or 
aragonite/calcite precipitation, is a proxy for Holocene moisture changes, with increased 
moisture leading to increased carbonate precipitation (Grimm et al., 2011; Shapley et al., 2005). . 
This relationship is due to increased groundwater flow during periods of high precipitation. 
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Groundwater flow into Kettle Lake contains high Ca2+ concentration, which, when combined 
with the lake’s high pH and alkalinity, leads to carbonate precipitation. This is similar to other 
groundwater dominated lakes in Montana, where >99% of the Ca influx from groundwater is 
precipitated as CaCO3 ( Shapley et al., 2005 ). These conditions, coupled with the semi-arid 
regional climate, leads to limited Ca2+ availability on long timescales, which can then only be 
replenished by periodic increase in groundwater to the lake, occurring during periods of 
increased regional precipitation. Therefore, past increases in moisture can be tracked through 


















CHAPTER 3: MATERIALS & METHODS 
Core Sampling 
In 1996, two ~ 21 m-long sediment cores were taken with a Wright square-rod piston 
corer in 1 m drives.  These cores (A & B) were taken ~ 1 m apart and were vertically offset from 
each other by 50 cm. The two overlapping cores were split and used to make a composite core 
(Figure 3), which was divided into vials containing 1 cm of sediment. These samples were stored 
in the cold room at LacCore National Lacustrine Core Facility, University of Minnesota. 
Samples for this work were subsampled from the vials and homogenized. 
Isotope Analyses 
A total of 286 samples from the 1 cm vials were measured. Eighty-eight sediment 
samples were taken at 20 cm intervals across the entire core, representing ~ 60-100 years 
between samples. In areas containing struvite identified by Donovan and Grimm (2007), 206 
samples were measured at ~ 8 year resolution over time intervals of ~ 570-670 years. 
Samples for nitrogen analyses were freeze dried and then ground with an agate mortar 
and pestle. These samples were not pretreated with acid to avoid liberation of nitrogen-bearing 
biological compounds (e.g. amino acids, proteins), which is anticipated in a guano-influenced 
environment (Kim et al., 2016). Acid pre-treatment can also cause non-linear and unpredictable 
differences in d15N values of lake sediments that are larger than instrumental precision (Brodie et 
al., 2011). A pilot group of sediment samples show substantial d15N differences between acid-
treated and untreated samples, further validating the protocol (Figure 4). All samples were 
analyzed on Carlo Erba NC2500 elemental analyzer coupled with a ThermoFisher Delta V 
Advantage IRMS (ThermoFinnigan, Germany) at the Illinois State Geological Survey, with 
accuracy of ±0.22‰ for d15N and ±0.11‰ for d13C. An atropine standard is analyzed at multiple 
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weights for mass correction. Ammonium sulphate (USGS-25 and USGS-26), L-Glutamic Acid 
(USGS-40), IAEA-600 Sucrose, and an internally calibrated amino acid (L-Serine) are used as 
nitrogen standards. Atropine, IAEA-600 Caffeine, USGS-40 and L-Serine are used as carbon 
standards. d13C values represent organic and inorganic C as sediment was not pretreated to 
remove inorganic C before analysis. d13C data will be discussed in the context of loss-on-ignition 
(LOI) data to provide potential insights into changes in organic matter. 
Diagenesis Model 
To quantify diagenetic changes in the d15N record, I create a model based on procedures 
delineated in Brahney et al. (2014). In general terms, diagenesis can refer to any post-
depositional change to the sediment record; however, this model assumes that, for diagenesis 
specific to d15N records, the main process controlling isotope fractionation is deamination. 
Deamination is the breakdown of amino acids during remineralization of sedimentary organic 
matter, which causes preferential loss of 14N from the sediment.  Therefore, in a record with 
remarkably high d15N values, it is necessary to assert that this is not a relic of diagenetic 14N loss.  
While processes other than remineralization could be acting on the Kettle Lake d15N record, to 
my knowledge, no other models exist for evaluating different forms of diagenetic influence on 
d15N records.  Therefore, I only focus on assessing diagenesis in terms of deamination during 
remineralization.  Also, I use this Brahney et al. (2014) model specifically with the aim of 
exploring its utility in eutrophic lakes with anoxic bottom waters, as its use, so far, has been 
limited to oligotrophic lakes with oxygenated waters. 
Deamination during remineralization of organic matter is best represented by a Rayleigh 
fractionation model, rather than a constant-release model (Brahney et al., 2014; Freudenthal et 
al., 2001; Möbius, 2013). A Rayleigh model accounts for both the 14N deamination loss, but also 
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the subsequent enrichment of the organic N pool as 14N loss proceeds. To assess the extent of 
this form of diagenetic influence on the Kettle Lake d15N record, I first create a null model based 
on the Rayleigh equation.  The null model is a d15N time series that simulates diagenetic changes 
from deamination during remineralization. Deamination increases with sediment age, and older 
sediments have subsequently experienced more loss of 14N, resulting in increasing d15N values 
and decreased % N downcore. The model is represented by the equation: 
d15NON(ƒ) ≈ d15NON(i) – ε * ln (ƒ) 
 
In this equation, d15NON(i) represents the calculated d15N value of initially deposited organic 
nitrogen. d15NON(ƒ) represents the d15N value of the remaining substrate following deanimation, 
here assessed in 1 cm sediment increments through the length of the core. The “ε * ln (ƒ)” term 
represents the diagenetic change. ƒ represents the total N concentration (μg/g) in each sediment 
interval divided by the total N concentration in the surface sediment. The ε term for Kettle Lake 
was calculated using a least squares regression analysis of pre-1950 d15N and ln (%N) data, 
where the slope of the regression gives the ε value and the y-intercept provides the d15NON(i) 
above.  This assumes that d15N in the null model is exclusively controlled by deamination and 
that processes affecting d15N also affect %N. For my model, ε =1.26 ± 0.10 (1σ , α=1.0013) best 
fit the Kettle Lake data and the calculated d15NON(i) is 9.89 ± 0.20 ‰ (1σ, measured sediment 
d15N at this depth of 8.82 ‰). This epsilon value falls within end-member epsilon values of 
1.055 and 1.924, calculated for oxic, Wyoming lakes in Brahney et al. (2014). These values were 
also tested with Kettle Lake data but these lake systems do not represent the basin-scale 





After creating a null model for Kettle Lake, this equation is rearranged in the form of: 
d15Norg(i) ≈ d15Nsediment + ε * ln (ƒ) 
From this, I back-calculate the “initial” d15N values for each sediment layer. This equation 
effectively removes the diagenetic signal and shows only d15N changes unrelated to diagenesis. 
Only pre-1950 sediment was used to avoid the influence of anthropogenic N deposition. I then 




















CHAPTER 4: RESULTS 
 Kettle lake sediments have a range of 0.12-2.41 %N with an average of 0.84 ± 0.34 %N 
(1σ) (Figure 5). Bulk δ15N values range from 5.69-13.5 ‰, with a mean of 10.24 ± 1.52 ‰ 
(Figure 5). Using the stratigraphic climate zones identified by Grimm et al. (2011), the lowest 
mean δ15N values occur in the late Pleistocene (12.97 ka-11.93 ka) and Pleistocene-Holocene 
transition (11.93 ka-10.73 ka) zones (Table 1). Maximum values are seen in the early (10.73-
9.25 ka) and mid Holocene (9.25 ka-4.44 ka) sections of the core, where sub-mm struvite layers 
were noted by Donovan and Grimm (2007) (Figure 5, Table 1). The late Holocene (4.44 ka-
present) is characterized by having less elevated values than the early and mid-Holocene, but 
greater than the Pleistocene and transition period. Median bulk sediment δ15N is higher 
compared to native Great Plains soils (4.8 ± 2.1‰) and native vegetation (0.9 ± 2.6‰) (Frank’ 
and Evans, 1997; White et al., 2012).  
Median sediment δ15N values at Kettle Lake are also higher compared to δ15N values in 
Holocene-length sediment records from other lakes in North America (Table 2). Similar δ15N 
values are found in only in Devils Lake, North Dakota, in a record spanning 1860-2000 C.E. 
Sediment records of comparable length to the Kettle Lake (~12950 ka) typically show δ15N 
ranging from -2 to 5‰ (Anderson et al., 2008; Donovan and Grimm, 2007; Lent et al., 1995; Lu 
et al., 2010; Moore et al., 2019; Theissen et al., 2012; Williams et al., 2015; Winston et al., 
2014). 
 Three of the four high-resolution struvite-bearing intervals have significantly higher 
(p<0.05) δ15N values compared to the control period (2050-1500 ka) containing no struvite 
(Figure 6). Mean δ15N for the control period is 9.86± 0.72‰. Struvite periods 2, 3 and 4, (6980-
6415 ka, 7320-7090 ka, 9680-8940 ka) mean values are 11.71± 1.16‰, 11.05± 1.14‰, 11.63± 
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1.09‰, respectively. Struvite period 1 (5210-4640 ka) is not significantly different from the 
control and has mean value of 9.60± 1.01‰. δ15N and %N are well-correlated throughout the 
sediment record (r= -0.39, p < 0.0001, N= 286) (Figure 7). During struvite periods 1-4, δ15N and 
%N are more highly correlated than in the record at large (r= -0.58, p < 0.0001, N= 137). 
Contrarily, no significant correlation is found in the control period (r= 0.19, p= 0.15, N= 61). 
δ15N and %N data from this study were also compared to charcoal, loss-on-ignition (LOI) 
and XRD data for Kettle Lake from the Neotoma Paleoecological Database (Williams et al., 
2018). There is no significant δ15N-charcoal or %N-charcoal relationship (r= 0.01, p=0.85, 
N=284 and r=0.17, p=0.77, N=284, Figure 8). However, general trends of increasing %N 
coincide with increasing charcoal abundance, a proxy for wildfires around Kettle Lake. 
Aragonite precipitation amount is weakly, but significantly correlated with sediment δ15N (r= 
0.22, p= 0.00024, Figure 9). This is largely influenced by the late Pleistocene to early Holocene, 
and no significant relationship exists between δ15N and aragonite precipitation in the rest of the 
record (r=0.07, p=0.25). 
Untreated d13C values were obtained during δ15N analyses (Figure 10). To make reliable 
interpretations of changes in organic matter, inorganic carbonate is typically removed prior to 
analysis through acid pre-treatment. Due to previously described effects on δ15N, the focus of 
this work, these samples were not pre-treated. Sample d13C values therefore represent variability 
in both organic and inorganic d13C, and the relative proportions of each, preventing well-founded 
interpretations of changes in organic matter. Regardless of this, a general decrease in d13C is seen 
throughout the record, coeval with an overall increase in percent organic matter (Figure 10). 
Future work will include d13C analysis of pre-treated samples for comparison of trends from this 




The null model shown in Figure 11 shows the d15N isotope changes that the model 
predicts solely as a function of diagenesis, based on modern (pre-1950) Kettle Lake sediment 
values. The null model, or diagenesis curve, for Kettle Lake shows a ~ 0.38‰ change throughout 
the Holocene. Generally, the δ15N record falls below the null model. However, the δ15N record is 
significantly higher than the null model in one period, ~10-7ka, a time of high struvite 
deposition. Overall, the corrected and uncorrected δ15N values are in good agreement with each 
other (r = 0.96, p << 0.001, N=271, Figure 11). The average difference between the original and 
corrected δ15N values is 0.63 ± 0.55‰. The largest differences between the curves occur in the 
















CHAPTER 5: DISCUSSION 
Holocene Climate Variability in the Northern Hemisphere 
In the early Holocene, high summer insolation in the Northern Hemisphere (NH), due to 
higher obliquity and perihelion occurring in Northern Hemisphere summer, produced warmer 
summer temperatures (Birks, 2009; Wanner et al., 2008). Reconstructions of Holocene climate 
indicate that this led to a global rise in temperature of ~ 0.6°C (Marcott et al., 2013). 
Additionally, the local climatic influence of the Laurentide ice sheet waned as North America 
deglaciated at this time, and deglaciation led to local mediation of the effects of overall warming 
(Marcott et al., 2013). 
Reconstructions of mid-Holocene climate indicate decreasing summer temperatures on 
millennial timescales (Wanner et al., 2008), with particularly prominent cooling in the Northern 
Hemisphere mid-latitudes (Marcott et al., 2013). Additionally, gradually decreasing solar 
insolation in the mid Holocene led to increased glacier extent in the mid to high latitudes, namely 
the Alps, Scandinavia and the Canadian Cordilleras (Wanner et al., 2008). Compared to present, 
drying is also recorded in the lakes of interior of North America at this time (Wanner et al., 
2008). Similar sustained drought conditions are recorded during the mid-Holocene in the 
Northern Great Plains (NGP) (Clark et al., 2001; Grimm, 2011; Last et al., 1998; Last and 
Vance, 2002; Miao et al., 2005; Valero-Garcés et al., 1997). As ENSO activity is tied to NGP 
moisture variability, sustained La Niña-like conditions in the tropical Pacific are thought to have 
driven low moisture during the mid-Holocene (Grimm et al., 2011). 
Marking the beginning of the mid-Holocene, an abrupt interval of Northern Hemispheric 
cooling/drying is recorded at ~ 9.3-9.2 ka. At this time, Greenland ice core d18O values reach a 
minimum, and evidence suggests a glacial dam failure at Lake Superior triggered a large 
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drawdown and northward retreat of Lake Agassiz in North America (Yu et al., 2010). This pulse 
of freshwater into the North Atlantic lead to widespread cooling in the Northern Hemisphere 
(NH) and changes in North Atlantic ocean circulation. Severe drying is recorded at this same 
time (9.25 ka) in many lakes in the Northern Great Plains (Grimm et al., 2011; Last et al., 1998; 
Last and Vance, 2002), and additional lakes in the region have similar events recorded at offsets 
typically <500 years (Last et al., 1998; Valero-Garcés et al., 1997). The severe droughts recorded 
at these lakes are likely a dual response to the retreat of Lake Agassiz and general Northern 
Hemisphere climate reorganization at this time. Mesoscale climate modeling points to increased 
regional precipitation, compared to modern values, in the Northern Great Plains at ~ 11 ka 
attributed to a large Lake Agassiz (Hostetler et al., 2000). The 9.25 ka event marks a large water 
drainage pulse, when Lake Agassiz would have been closest to the Northern Great Plains, and 
the lake retreat would lead to the most impactful dissociation of the Northern Great Plains from 
the regional influence of Lake Agassiz (Grimm et al., 2011). The more globally-recorded 
Holocene cooling event at 8.2 ka, which is also observed in Greenland ice cores (Rasmussen et 
al., 2006; von Grafenstein et al., 1998), is not seen in the Kettle Lake record, which has been 
attributed to the relatively large distance from Kettle lake to Lake Agassiz at this time (Grimm et 
al., 2011).  
Summer insolation in the Northern Hemisphere increased in the Late Holocene leading to 
the onset of wetter conditions (Wanner et al., 2008). Increases in moisture are seen across North 
America in the late Holocene, albeit with variable timing (Anderson et al., 2007; Booth and 
Jackson, 2003; Menking and Anderson, 2003). The, “4.4 ka event,” is recorded at Northern Great 
Plains sites during this time (Grimm et al., 2011), and marks regional transitions to a wetter 
climate in the late Holocene. Northern Great Plains precipitation is influenced by ENSO activity 
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(Weaver and Nigam, 2008) and this 4.4 ka event roughly coincides with an increase in 
precipitation connected an El Niño event at ~ 4.2 ka (Conroy et al., 2008) in the Galápagos. This 
suggests that late Holocene moisture increases may also be due to enhanced ENSO activity. 
Holocene Climate Variability in the Northern Great Plains 
 Below I will summarize more detailed climatic changes in the Northern Great Plains 
interpreted from existing studies. I will then delineate how these regional records overlap with 
information from Kettle Lake and discuss generalized changes at Kettle Lake. It should be noted 
that the three sections below (Early, Mid- and Late Holocene) do not correspond to the six more 
robustly defined climate intervals from Grimm et al., 2011. Those intervals, denoted A-F (Figure 
9, Table 1), will be discussed in later sections to provide deeper context for the d15N-%N record. 
In the subsequent section, climate variability in the early, middle and late Holocene at Kettle 
Lake will primarily be discussed in terms of “effective moisture,” referring to changes in 
precipitation minus evaporation (P-E), or moisture balance, which is reflected in changes in 
carbonate precipitation (Shapley et al., 2005). 
 Early Holocene 
 
Paleoclimate data of the Northern Great Plains record the early Holocene as a period of 
high effective moisture. This is seen in both oxygen isotope analyses and diatom records of lake 
core sediments from Moon Lake, North Dakota, east of Kettle Lake (Figure 1) (Valero-Garcés et 
al., 1997). At this time, aragonite-rich sediment, low diatom-inferred salinity, and low oxygen 
isotope (d18O) values point to an environment with high lake level and high relative moisture 
(Valero-Garcés et al., 1997). The Brady soil in North Dakota, nested between the Pleistocene 
Peoria Loess and Holocene Bignell Loess deposits, also points to a climate with high, sustained 
moisture that would have allowed for pedogenesis in the Great Plains (Mason et al., 2008). 
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Increased moisture in the early Holocene is also reflected in the sediments at Oro Lake, 
Saskatchewan (Last and Vance, 2002). After early Holocene development, sedimentation at Oro 
Lake is characterized by detrital clastic and organic material, before transitioning to a salt 
precipitating lake (Last and Vance, 2002).  
These records are consistent with interpretations of the Kettle Lake sediment record. As 
discussed previously, carbonate precipitation at Kettle Lake is a proxy for moisture (Grimm et 
al., 2011; Shapley et al., 2005). During the early Holocene, aragonite represents >90% of the 
mineral fraction, indicating a high flux of groundwater (due to enhanced precipitation) that 
transported Ca2+, inducing carbonate precipitation (Figure 9) (Grimm et al., 2011). The fact that 
aragonite is deposited, rather than calcite, also holds climatic significance. At ~10.7 ka, there is 
an abrupt transition from calcite to aragonite deposition. This reflects an increase in the Mg:Ca 
ratio of Kettle Lake water following an interval of severe drought. Mg:Ca ratios in lake water are 
often positively correlated with total dissolved solids (TDS), which makes the Mg:Ca ratio a 
salinity proxy (Shapley et al., 2010). Interpretations of this correlation suggest that higher Mg:Ca 
ratios in groundwater-dominated lakes reflect increasing evaporation, which leads to this higher 
salinity. Altogether, the shift to aragonite deposition is understood as a time of greater 
evaporation, in comparison to the late Pleistocene. Pairing high deposition of carbonates, in 
general, with the Mg:Ca ratio favoring aragonite indicates that the early Holocene was a period 
of high moisture, but with dry intervals. Overall, high aragonite precipitation suggests a climate 
with warm, dry summers (driving up the Mg:Ca ratio through evaporation) paired with abundant 
winter precipitation to provide lake recharge (Grimm et al., 2011). This is consistent with the 
high abundance of Artemisia, an important forb of the mixed-grass prairie, during the early 
Holocene, which is common in winter-precipitation dominated regions. This change coincides 
20 
 
with the change in carbonate precipitate showing that, while most of the early Holocene was wet 
and cool, it was still punctuated by severe drought. 
Mid-Holocene 
Drought and high moisture variability are seen throughout the Northern Great Plains in 
the mid-Holocene. This is reflected in lacustrine records showing dynamic changes in vegetation, 
oxygen isotope excursions and salinity changes at this time. Vegetation at Moon Lake 
experienced a regime shift from woody to grassland vegetation during this period of aridity 
(Clark et al., 2001; Valero-Garcés et al., 1997). Diatom-inferred salinity values and oxygen 
isotope values at Moon Lake also peak at this time, suggesting elevated aridity (Valero-Garcés et 
al., 1997). Rapidly accumulated, thick loess deposits sourced from dune fields between 10 ka - 
6.5 ka support interpretations of sustained aridity in central Great Plains (Miao et al., 2005). 
Many lakes in the Northern Great Plains record an abrupt event at ~ 9.3-9.2 ka after which 
sustained aridity occurs. Oro Lake, northwest of Kettle Lake in Saskatchewan (Figure 1) 
abruptly changed from a post-glacial freshwater lake to a highly saline lake at ~9.3ka (Last and 
Vance, 2002). Clearwater Lake, Saskatchewan (Figure 1) also transitions from a freshwater lake 
to a meso- to hyper-saline lake at this time, consistent with an overall decrease in region 
moisture availability (Last et al., 1998). Large oxygen isotope excursions and declines in birch 
pollen are recorded at Moon Lake in a similar aridification/evaporation event, which occurred at 
~ 9.5 ka (Valero-Garcés et al., 1997). No definitive cause for this event has been found, but it is 
suggested that the 9.25 event may be related to the retreat of Lake Agassiz (Grimm et al., 2011), 
which could explain the regional coherence of this event in the Northern Great Plains. 
Transition to a high moisture variability, drought prone climate in the mid-Holocene is 
also recorded at Kettle Lake. The transition into the mid-Holocene dry period is abrupt and 
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occurs at ~ 9.25 ka, during the strongest drought of the Holocene. Here we see a sharp decrease 
in aragonite, Artemisia, and Poaceae, and an increase in weedy, drought tolerant taxa, like 
Amaranthaceae and Ambrosia (Grimm et al., 2011). The decline of Artemisia is significant as it 
is common in regions with winter-precipitation maxima, meaning that there is an inferred decline 
in a seasonal moisture source. The presence of Ambrosia particularly highlights the variability in 
moisture, as it is drought intolerant but highly abundant in the mid-Holocene. Overall, aragonite 
values remain lower than the early Holocene but with great variability, indicating an unreliable 
but present source of moisture. 
Late Holocene 
Late Holocene proxy records point to a moister climate with less variability in the 
Northern Great Plains (Clark et al., 2001; Valero-Garcés et al., 1997). A transition from 
sediments with finely bedded gypsum to banded muds and slowly decreasing carbonate d18O 
values marks the onset of higher relative moisture and the cessation of sustained drought at 
Moon Lake (Valero-Garcés et al., 1997). Other work at Moon Lake suggests severe droughts in 
the late Holocene (Laird et al., 1998), but this may be an issue of analysis at two different 
resolutions (i.e. century vs. subdecadal). However, large variations in diatom-inferred salinity 
support changes in Moon Lake level (Valero-Garcés et al., 1997). At Oro Lake, Saskatchewan, 
decreases in clay particles in the sediment record point to a reduce contribution of eolian influx 
to the lake, and an increase in effective moisture (Last and Vance, 2002). Ostracode-Mg/Ca 
ratios at Rice Lake, southeast of Kettle, show centennial variability that is consistent with records 
from Coldwater Lake, Moon Lake and Elk Lake of the Northern Great Plains (Yu et al., 2002). 
Overall, there appears to be a high degree of climate variability in the late Holocene on multiple 
timescales, but with overall increased moisture compared to the mid Holocene. 
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This is reflected in the Kettle Lake aragonite precipitation, where a gradual increase in 
sediment aragonite abundance begins at ~4.44 ka (Figure 9) (Grimm et al., 2011). The transition 
into the late Holocene is less abrupt compared to the early to mid-Holocene transition. This 
asymmetry is attributed to the abrupt retreat of Lake Agassiz in the transition to the mid-
Holocene compared to the slow orbital forcing as perihelion shifted to winter in the late 
Holocene. After ~ 4.44 ka, Ambrosia and Amaranthaceae pollen decline and Artemisia increases, 
indicating more winter precipitation. Additionally, there is an increase in the amplitude of 
charcoal accumulation rates, the periodic deposition of charcoal in response to natural fires 
(Brown et al., 2005; Grimm et al., 2011), indicating an overall increase in terrestrial organic 
matter in the Kettle Lake ecosystem. 
Kettle Lake d 15N-%N Record 
 
Cluster and PCA analysis from sediment pollen, mineral, and charcoal data, identify six 
stratigraphic zones in the Kettle Lake sediment record (Grimm et al., 2011). These zones co-
occur with major climatic shifts addressed in previous sections. Figure 9 shows these intervals 
with d15N and the percent abundance of aragonite in the sediment at Kettle Lake to allow for 
assessment of d15N changes in the context of climate (moisture) variability. Changes in d15N 
weakly, but significantly correspond to aragonite precipitation (r= 0.22, p< 0.001) indicated by 
Grimm et al. (2011) (Figure 9). First, there is low d15N in the late Pleistocene (Figure 9). 
Aragonite deposition is also low, but this period is dominated by calcite precipitation, which 
reaches ~ 80% of the total mineral fraction (not shown). This indicates that, despite the aragonite 
precipitation- d15N correlation during this time, there is no meaningful relationship to be gleaned 
about moisture changes, as calcite is the main precipitate. The “transition zone” (Figure 9), 
indicates increasing aragonite and thus increasing effective moisture concurrent with modest, but 
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variable increases in d15N. At 10.1 ka, a sharp increase in d15N occurs, after which high d15N 
values persist in the early Holocene. The early Holocene (Figure 9) has the highest d15N values 
in the sediment record, and aragonite precipitation reaches its Holocene maximum, indicating 
maximum effective moisture. High d15N values during the early, wet Holocene is seemingly 
contradictory with initial hypotheses which suggested bird migrations were motivated by 
moisture variability and periodic drought (Donovan and Grimm, 2007). At this time, it is unclear 
what drives peak d15N values during the early Holocene. 
d15N values are high throughout the mid-Holocene (Figure 9), with an exception at ~9.1-
9.2 ka, where d15N is at its lowest in the mid Holocene, which coincides with the major 9.25 ka 
drought event in the Northern Great Plains. Late Holocene (Figure 9), d15N values at Kettle Lake 
remain elevated compared to Holocene d15N records from other North American lakes (Table 2), 
but Kettle Lake late Holocene d15N values are still lower than those in the mid Holocene. For 
interval (F), the stratigraphic zone marking the modern period in the sediment record (Grimm et 
al., 2011), no significant changes in d15N are observed, as this period is ~70 years long, and only 
contains one sample due limited sampling resolution. 
 Broadly, the highest d15N values occur during periods of struvite formation in the early 
and mid-Holocene (Figure 5 & 9). Periods with a high density of struvite laminations (10-9 ka & 
7-5.75 ka) consistently show values elevated beyond the average d15N value of ~10‰. Previous 
work suggested that struvite precipitation at Kettle Lake was facilitated by mass omnivorous bird 
visitation in response to moisture variability (Donovan and Grimm, 2007). The birds that migrate 
through this area today, which is part of the Central Flyway, are migratory birds of the family 
Anatidae, including ducks, swans and geese. Donovan and Grimm (2007) found d15N values of 
struvite to be 7.51±0.37‰ (n=8), which is similar to the recorded d15N of omnivorous bird guano 
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at ~ 6.4- 7.7‰ (Bird et al., 2008). d15N sediment values at Kettle Lake are much higher than both 
omnivorous bird guano d15N values and Kettle Lake struvite d15N values (Figure 12). Possibly, 
sediment d15N values could then be interpreted as being derived from waste of an animal with a 
higher trophic status (Conroy et al., 2015; Szpak et al., 2012), as guano d15N reflects diet d15N  
and these values increase with trophic level (Hobson et al., 1994). However, there is no 
reasonable candidate of a higher trophic status to have inhabited Kettle Lake at this time. More 
likely, Kettle Lake d15N values reflect an initial deposition of guano isotopically similar to 
omnivorous bird guano (~ 6-7‰, Figure 12), that has been further fractionated by other nitrogen 
cycle processes. Supporting this is the correlation of lower bulk nitrogen abundance with higher 
d15N throughout the sediment record, indicated by the significant negative d15N-%N correlation 
(r= -0.39, p<0.001) (Figure 7a). The increase in d15N in the sediment suggests increased loss of 
isotopically light nitrogen at this time, which is coupled with the decreased %N in the sediment 
N pool. Multiple nitrogen cycle processes could be responsible for this correlation. 
Assuming a starting sediment value roughly equivalent to the N inputs from guano (~ 6-
7‰) and soil (~ 0-4 ‰) (Figure 12), additional fractionation is needed to explain the high 
sediment d15N values (mean ~ 10‰). It is likely that denitrification is a driving mechanism for 
the enriched d15N signal at Kettle Lake. Large fractionation factors are associated with 
denitrification (α=1.02). During periods of high organic matter input (i.e. deposition of guano 
rich in N and P) into an anoxic hypolimnion and surface sediments of Kettle Lake, denitrification 
would increase, causing substantial loss of N from the system and an increase in d15N value of 
the remaining N pool (Talbot, 2001). However, nitrification may also be a contributing signal, 
and would act as the source for nitrate in the anoxic bottom waters during denitrification. 
Oxidation of NH4+ to nitrate or nitrite in the oxic portion of the water column would supplement 
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14N removal from the nitrogen pool. Furthermore, the d15N-%N correlation becomes stronger 
when looking at the periods containing struvite, times when particular nitrogen cycle processes 
are expected to intensify. The d15N- %N correlation during periods containing struvite show the 
strongest correlation (r= -0.58, p<0.001) when compared the Holocene overall and the control 
period. Notably, there is no significant d15N- %N correlation during the control period containing 
no struvite. The absence of this relationship shows the importance of guano N-loading as an 
amplifier of nitrogen cycle processes at Kettle Lake. Consequently, we see that guano deposition, 
broadly indicated by periods of struvite deposition, significantly alters nitrogen cycling during 
these intervals by promoting denitrification and nitrification through a new abundance of high 
d15N organic N. 
Nitrogen Record and Wildfire  
Charcoal abundance is a well-established proxy for fire in lake sediments and soils (Ball 
et al., 2010; Brown et al., 2005; Chipman and Hu, 2019; Dunnette et al., 2014), and fire cycles of 
~160 years are well-recorded in the late Holocene at Kettle Lake (Brown et al., 2005). High 
charcoal loads at Kettle Lake are interpreted as periods of high vegetative growth, which 
provides “fuel” for wildfires (Brown et al., 2005; Grimm et al., 2011). On sub-decadal 
timescales, fires create an abundance of available nitrogen due to both the combustion of 
biomass (Chipman and Hu, 2019; McEachern et al., 2000) and the reduction in biological 
activity, which consumes N (Dunnette et al., 2014). Accordingly, on sub decadal timescales, 
frequent and intense fires in a given lake watershed should lead to higher %N abundance in lake 
sediment cores. On multidecadal timescales, wildfires cause elevated d15N values in sediment 
and lower %N due to the preferential volatilization of 14N from vegetation and soils, leaving 
enriched charred materials, organic matter and mineral soil to be deposited in lakes (Dunnette et 
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al., 2014). Lake sediment d15N can also become enriched after fires when soil conditions foster 
intensified nitrification or denitrification (Chipman and Hu, 2019; Dunnette et al., 2014); 
however, this mechanism is contingent on adequate soil leaching providing N to the lake basin. 
This dual influence of fire causing short term %N enrichment, combined with longer timescale 
d15N enrichment may drive the Kettle Lake late Holocene nitrogen record. 
Late Holocene (4.44 ka to present) sediments record an increasing %N trend with high 
variability (Figure 8). Concurrently, charcoal abundance peaks become larger (>300 frag/ml, for 
the first time in the Holocene). Additionally, there are more total charcoal fragments during this 
period than in the rest of the periods from Grimm et al., 2011 combined (~15,000 vs. 12,000 
respectively) and there is greater variability in counted fragments per 1 cm of sediment. d15N 
also remains relatively enriched compared to other lakes with Holocene d15N records at this time. 
The inferred increase in fire intensity and frequency from charcoal, concurrent with increases in 
high variability %N and persistently high d15N suggest that both timescales of wildfire influence 
are reflected in late Holocene Kettle Lake sediments. On sub-decadal timescales, %N becomes 
enriched after fires, leading to an overall increase in %N compared to the mid Holocene. On top 
of this signal, d15N remains enriched due to either sedimentation of volatilized organic materials 
or enriched N from heavily (de)nitrified soils. Additionally, wildfire-driven N-changes may be 
compounded on a guano deposition “legacy,” which will be discussed in subsequent sections. 
Diagenesis Model 
The null model described above defines a d15N time series for the hypothetic case where 
the only driver of variability at Kettle Lake was diagenesis (i.e., no environmental signal). 
Diagenetic fractionation of sediments is largely influenced by the deamination process 
(α=1.0025-1.0058; (Brahney et al., 2014)), the breakdown of amino acids during 
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remineralization. As more deamination is expected to occur as sediments age, higher d15N values 
are expected deeper in the core. Most notable about the null model for Kettle Lake is the 
relatively small trend in d15N upcore, compared to the magnitude of change throughout the 
sediment record. The modeled diagenesis curve shows a ~ 0.38 ‰ trend over ~13 ka, whereas 
shifts of up to ~ 4.7 ‰ occur within the record and the overall range of values is ~ 7.8 ‰. During 
the period of struvite deposition, ~10-6 ka, there are two periods of ~ 1000 years where the d15N 
curve is enriched compared to the null model. A positive deviation from the null model could 
indicate an increase in N deposition and productivity (Brahney et al. 2014). Alternately, higher 
d15N values compared to the null model could also occur if an ecosystem becomes enriched in 
human or animal waste, due to the generally high (>10‰) d15N value of the N input. This 
supports the observation of high d15N during the periods containing struvite in the Kettle Lake 
sediment record. However, the positive d15N deviation is likely a reflection of both the high d15N 
value of guano and the related increase in productivity and enriching N-cycle processes with the 
increase in N to the lake system. However, a direct measurement of primary productivity is 
necessary to validate this claim.  
Using the rearranged form of the equation used to create the null model, I also calculated 
a “corrected” d15N record. The corrected record is highly correlated (r = 0.96) with the original 
d15N record. Most differences are less than 1‰. The similarity of the corrected and uncorrected 
record at Kettle Lake is in contrast to previous findings using the same model at two oligotrophic 
Wyoming lakes (Brahney et al., 2014), where up to ~ 30-70% of the lake sediment d15N changes 
were due to diagenesis. Notably, these lakes have permanently oxygenated bottom waters, and 
this is likely the source of disparity from Kettle Lake, which has anoxic bottom waters. 
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 For most of the Holocene, the bottom waters of Kettle Lake are thought to have been 
permanently anoxic. We find evidence of this in multiple forms. First, much of Kettle sediment 
is well preserved in thin, distinct sediment layers, that often occur in couplets (Figure 3). These 
laminations occur throughout the core and are lacking any indicators of bioturbation at the 
sediment surface. Additionally, support for anoxia at Kettle Lake is in the presence of the 
struvite itself. Struvite is unstable in oxic environments and inverts to newberyite in subaerial 
and subaqueous oxygenated geological environments (Boistelle et al., 1983). From this, we infer 
that periods with undisturbed sediment and/or preserved struvite represent periods of anoxia at 
Kettle Lake. 
 Oxygenated and anoxic bottom waters are profoundly different environments in which to 
consider diagenesis. Organic matter in lakes with oxygenated water columns is subject to greater 
degrees of degradation (Bastviken et al., 2004). Diagenesis can include multiple post-
depositional sediment altering processes, but regarding N, it is often specifically investigated in 
terms of organic matter degradation. Consequently, as represented in my model, N-diagenesis in 
sediment can be described within the nitrogen cycle by deamination, the breakdown and removal 
of amino acids during remineralization of organic matter. Deamination of these organic 
molecules in sediment (i.e. “degradation”) would therefore be suppressed during periods of 
anoxia. At Kettle Lake, this would translate to limited diagenetic signal throughout the Holocene, 
as both the sedimentation and struvite deposition indicate anoxia. The good agreement between 
the raw d15N record and the corrected d15N record support this conclusion. Consequently, both 
the lack of change in the null model, in addition to the good preservation of d15N variability 
between the correct and uncorrected d15N records, indicates that diagenesis, in the form of 
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organic matter remineralization, is not a primary control on the d15N values in Kettle Lake 
sediments. 
Mechanisms of d 15N Enrichment & Struvite Formation  
 Considering the inherent complexity of the nitrogen cycle, it is reasonable that multiple 
nitrogen cycle processes were enhanced and reflected in sediment d15N as a consequence of 
guano deposition. Prior to intense bird visitation and consequent eutrophication, Kettle Lake 
d15N largely represented environmental inputs and lacked significant guano deposition. This is 
evidenced by the lack of struvite laminations (guano) and lower d15N values in the late 
Pleistocene and very early Holocene. During this time, sediment d15N likely reflects soil and 
plant matter d15N values, which are ~ 0 – 4‰ and -2 - 5‰, respectively, in the modern Northern 
Great Plains (Frank’ and Evans, 1997; White et al., 2012).  In this period, prior to intensive N 
and P loadings from mass bird visitation, the lake may not have been permanently anoxic, 
leading to some amount of organic matter decay (i.e. ammonification) which can cause 1-3‰ 
enrichment beyond environmental inputs (Connin et al., 2001). Enrichments of this magnitude, 
on top of environmental inputs from plant matter and soil, are consistent with late Pleistocene 
and very early Holocene d15N values. 
An alternative explanation for lower d15N during this time could be increased N-fixation 
during times of N-limitation. However, the d15N values in the late Pleistocene to early Holocene 
are still remarkably high compared to the expected signal of prolific N-fixation. If N-fixation 
were a main control on d15N at early Kettle Lake, d15N values should approach 0‰, as 
atmospheric nitrogen (N2) is the measurement standard. d15N remains high (~ 7‰) compared to 
North American lakes (Table 2) suggesting that N-fixation, if present, was likely limited at 
Kettle Lake.  
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At the early onset of eutrophication, prior to forming anoxic bottom waters, 
ammonification (α=1.001) was the first acting process on organic matter d15N settling into 
sediment. With this, organically bound N, like that in guano, is bacterially reduced to NH3 or 
NH4+. In organic waste or litter, this can lead to an enrichment of 1-3‰ in as little as 5 years 
(Connin et al., 2001), but this is a relatively small fractionation compared to other N-cycle 
processes. As Kettle Lake developed an anoxic hypolimnion due to eutrophication from nitrogen 
loading, denitrification (α=1.02) would have taken over as the dominate process controlling d15N 
values. Denitrification would be a main N-cycle process in a lake with anoxic waters, as O2 
concentration is limited, and denitrifying bacteria can utilize oxygen from NO3- and convert a 
portion of this to N2. With this, fractionations of 0 to 50‰ are possible, though values often fall 
in the range of 20-30‰ (Sharp, 2017). The amount of fractionation is contingent on the fraction 
of nitrate used for denitrification (i.e. more denitrification leads to higher sediment d15N values).  
Therefore, large shifts in the d15N record in times with guano-driven anoxia can be attributed to 
denitrification. 
In addition to N-cycle changes in the anoxic bottom of the lake, the oxic portion of the 
water column experienced changes from guano deposition, as well. As anticipated with an 
increase in bioavailable nitrogen, increases in primary productivity likely occurred in the form of 
increases in green algae (e.g. Chlorophyta and Charophyta) and phytoplankton. These primary 
producers were able to use the easily assimilated and highly abundant forms of nitrogen: NH4+, 
NO3-, and NO2-, from which they preferentially uptake 14N (Fogel and Cifuentes, 1993; Sharp, 
2017; White, 2015). As these organisms preferentially uptake the lighter nitrogen isotope, this 
creates a mixed d15N signal reflective of denitrification, nitrification, ammonification and some 
amount of biological recycling. 
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  Similar processes must have occurred to facilitate struvite precipitation and preservation. 
First, guano deposition would have provided ample organic nitrogen to the Kettle Lake 
ecosystem. As a response, decomposition would occur and create a pool of dissolved inorganic 
nitrogen (DIN, in the form: NH4+ and NH3)) and abundant hydroxide (OH-) in the water column. 
C5H4O3N4 → NH4+ + NH3 + OH -  
					↑																						↑																	 
  Uric Acid       DIN Pool 
This would in turn increase the lake pH, creating favorable conditions for rapid struvite 
precipitation (Roncal-Herrero and Oelkers, 2011). In addition to this, increased pH shifts the 
NH4+ (aq) → NH3 (gas) equilibrium toward NH3 (Menzel et al., 2013), leading to increased 
volatilization and subsequent enrichment of the nitrogen pool in 15N. This would have occurred 
concurrently with denitrification and nitrification, leading to further 15N enrichment. 
Volatilization may have also been amplified by the more seasonally variable climate of the mid- 
Holocene with dry, hotter summers and winters providing most precipitation. A majority of 
struvite deposition occurs in times of high moisture variability. Consequently, we would expect 
greater volatilization of nitrogen in the water column at the atmospheric interface during these 
periods. Altogether, high pH, nitrogen loading, and anoxia favors struvite formation, while 
ammonification, (de)nitrification, and two mechanisms of volatilization enrich the d15N sediment 
record. 
d 15N “Legacy” 
 I have noted previously that d15N values at Kettle Lake are highly elevated in comparison 
to other Holocene sediment records from across the North America (Table 2). Typical d15N 
values in Holocene sediment records are roughly in the range of - 2 to 5‰. d15N values similar to 
those measured in Kettle Lake are seen in modern lakes that have been influenced by animal and 
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human waste, such as Lake Erie, which is highly eutrophic from human activity and waste (Lu et 
al., 2010; Michalak et al., 2013; Scavia et al., 2014). Since the onset of guano (struvite) 
deposition at Kettle Lake in the early to mid-Holocene, d15N values have remained elevated 
beyond benchmark values of 7.25‰ prior to struvite deposition. Furthermore, while the onset of 
high d15N values occurs rapidly, there is a slower decline in d15N as struvite frequency decreases 
(Figure 5). The decrease in struvite frequency may correspond to less intense bird visitation as 
more lake basins filled in response to decreased moisture variability. Consequently, the slow 
decline of d15N, in the absence of struvite deposition, may be a reflection of a “legacy” of 
bioavailable-N at Kettle Lake. Additionally, high d15N values from a guano “N-legacy” may be 
compounded with the previously discussed increase d15N due to wildfire increases in the late 
Holocene. Further analyses of direct primary productivity, such as green algae (e.g. 
Botryococcus and Pediastrum) biomass changes, as well as d13C (OM) analyses are necessary to 













CHAPTER 6: CONCLUSIONS 
With this work, I have shown that migratory bird populations can significantly influence 
a grassland lacustrine ecosystem. Specifically, guano deposition from avian migration led to a 
considerable alteration of the nitrogen cycle at Kettle Lake. With the desiccation of many lakes 
in the Northern Great Plains in the mid-Holocene, avian migration was forced to Kettle Lake and 
led to guano deposition and eutrophication. Subsequent enhancement of N-cycle processes, 
namely (de)nitrification and N-assimilation, along with increased N volatilization in the water 
column during particularly arid periods further fractionated N and increased sediment organic 
matter d15N values. Evidence of this comes from high d15N values and coeval decreases in %N, 
indicating that denitrification, a key N-cycle process, depleted the available dissolved nitrogen 
pool and increased the d15N value of sediment organic matter. This relationship is particularly 
strong in the mid-Holocene, when a higher d15N-%N correlation during struvite bearing intervals 
emphasizes the guano influence on the lake N-cycle. 
Additionally, using a Rayleigh model, I showed that Kettle Lake sediment experienced 
minimal diagenesis in the form of deamination during remineralization, and that trends in d15N 
are generally conserved when corrected for deamination. This result was in contrast to previous 
results using the same model in oligotrophic lakes. A likely explanation for the discrepancy is 
that Kettle Lake experienced permanent anoxia through most of the Holocene, limiting the 
degradation of organic matter and therefore diagenesis. From this I conclude that eutrophic lakes 
with anoxic bottom waters likely experience less diagenesis than oxygenated lakes. Large 
deviations from the null model during periods of struvite deposition again suggest that a high 
d15N input, waterfowl guano, are significantly altering this environment. An additional metric of 
primary productivity is needed to concretely make statements about changes here. 
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Results from this work act as an analog for waste and runoff from intensive animal 
feeding operations in modern grassland lacustrine ecosystems. This waste has the potential to 
alter lake ecosystems by increasing the concentration of available nitrogen and phosphorous for 
primary productivity. This will be increasingly important to understand as intensive animal 
feeding operations spread, especially as moisture variability in the Great Plains becomes more 
uncertain. To better quantify the impacts of guano, or animal waste, on this ecosystem a direct 
metric of primary productivity in Kettle Lake should be paired with my results. By pairing d15N-
%N data with uric acid as a biomarker within organic matter in the sediment, we can glean 
information about the changing source of nitrogen and also confirm any “legacy,” of nitrogen 
from guano deposition. Additionally, quantifying algal biomass fluxes in corresponding sediment 















CHAPTER 7: FIGURES & TABLES 
 
Figure 1. (A) U.S. map showing Kettle Lake (red star) as well as other regional lakes with 
Holocene climate records. Grey overlay shows Great Plains ecoregion (modified from Grimm et 
al. (2011), Figure 1). (B) Bathymetric map of Kettle Lake showing simple morphometry and 
depth gradient (edited from North Dakota Fisheries). (C) Image of modern Kettle Lake at 













































Figure 2. Williston Sloulin Field Station (48.18 N, -103.63 E) climatological data from KNMI 
Climate Explorer (Trouet and Van Oldenborgh, 2013). (A) 1879-2019 GHCN v3 mean 
temperature data from Williston/Slo (72767) show in blue. Percentiles 2.5%,17%, 83% and 
97.5% are show in dashed grey (B) 1894-2018 GHCN v2 precipitation data (all) from Williston 
(72767) in blue. Percentiles 2.5%,17%, 83% and 97.5% are show in dashed grey. (C) Williston 
station shown on North Dakota map as blue box. Kettle Lake location shown as red star. 
 












































Figure 4. d15N values of 16 pilot sediment samples, with values given for both treated and 
untreated samples from each 1 cm sediment interval. Treated Samples are shown in red were pre-
treated with HCl and samples in blue were untreated. Average dtreated-duntreated= -1.22‰. 
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Figure 5. d15N and N % timeseries. Periods with noticeably higher resolution are those 
subsampled for additional high temporal resolution analyses. Diamonds indicate struvite 
occurrences. Grey diamonds represent 1 cm homogenized intervals containing struvite which 
were sampled for this study. Yellow diamonds indicate struvite incidences not directly sampled. 


























Figure 6. Density distribution plot for d15N of the four struvite-bearing intervals (blue): 5200-
4640, 6980-6400, 7320-7080, 9680-8940 cal yr BP, respectively. Control (no struvite, 1540-
1420 cal yr BP) shown in red. Period 1, which is not significantly different than the control, is 



















Figure 7. Scatter plots of d15N-%N data for the full core (A), struvite bearing intervals (B) and 
the control period (C). Correlations are significant for the full core and struvite bearing intervals. 
Histograms on upper and right margins of the scatterplots show the distribution of values within 





Figure 8. Timeseries of d15N, %N and charcoal abundance data for the full core (A) charcoal 






































Figure 9. Aragonite precipitation in the Kettle Lake sediment record. Grey bars show aragonite 
precipitation amount as a percentage of total minerals. Climate periods defined in Grimm et al. 
(2011) are labelled A-F: (A) Late Pleistocene, (B) Transition, (C) Early, (D) Mid-, (E) Late 
Holocene, and (F) European Contact. Transitions between periods are denoted by red dashed 
lines. Blue line indicates d15N record. d15N weakly, but significantly correlates with colored 































Figure 10. Times series of (A) Percent carbonate (aragonite + calcite), (B) Percent organic matter 
from LOI (%) and (C) untreated d13C values (‰). Sediment d13C values represent organic and 





































Figure 11. (A) d15N- ln (%N) for all sediment samples with regression line shown in red. Slope 
(1.26) gives ε for the null model and y-intercept (9.89 ‰) provides the null model upper most 
sediment value. (B) Null model d15N timeseries shown in grey and the uncorrected d15N record 
shown in blue. (C) Correlation plot of d15N uncorrected and d15N correction shows good 








Figure 12. Scatter plot showing nitrogen inputs into the Kettle Lake ecosystem. Soils values are 
from Yellowstone National Park (Frank’ and Evans, 1997), guano d15N/%N from Bird et al. 
(2008) and struvite d15N/%N from Donovan and Grimm (2007). All ecosystem inputs are 15N-














Table 1. Mean and 1σ values for distinct climate intervals identified by Grimm et al. (2011). 
Note that interval F (~ 0.07 ka to present, Fig 10) is omitted above. For this work, Period F 
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